The observation of radiation-induced bystander responses, in which cells respond to their neighbors being irradiated, has important implications for understanding mechanisms of radiation action particularly after low-dose exposure. Much of this questions the current dogma of direct DNA damage driving response in irradiated systems. In this study, we have used a charged-particle microbeam to target individual helium ions ( 3 He 2؉ ) to individual cells within a population of radioresistant glioma cells cultured alone or in coculture with primary human fibroblasts. We found that even when a single cell within the glioma population was precisely traversed through its cytoplasm with one 3 He 2؉ ion, bystander responses were induced in the neighboring nonirradiated glioma or fibroblasts so that the yield of micronuclei was increased by 36% for the glioma population and 78% for the bystander fibroblast population. Importantly, the yield of bystander-induced micronuclei was independent of whether the cytoplasm or nucleus of a cell was targeted. The bystander responses were fully eliminated when the populations were treated with 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide or filipin, which scavenge nitric oxide (NO) and disrupt membrane rafts, respectively. By using the probe 4-amino-5-methylamino-2,7-difluorofluorescein, it was found that the NO level in the glioma population was increased by 15% after 1 or 10 cytoplasmic traversals, and this NO production was inhibited by filipin. This finding shows that direct DNA damage is not required for switching on of important cell-signaling mechanisms after lowdose irradiation and that, under these conditions, the whole cell should be considered a sensor of radiation exposure.
The observation of radiation-induced bystander responses, in which cells respond to their neighbors being irradiated, has important implications for understanding mechanisms of radiation action particularly after low-dose exposure. Much of this questions the current dogma of direct DNA damage driving response in irradiated systems. In this study, we have used a charged-particle microbeam to target individual helium ions ( 3 He 2؉ ) to individual cells within a population of radioresistant glioma cells cultured alone or in coculture with primary human fibroblasts. We found that even when a single cell within the glioma population was precisely traversed through its cytoplasm with one 3 He 2؉ ion, bystander responses were induced in the neighboring nonirradiated glioma or fibroblasts so that the yield of micronuclei was increased by 36% for the glioma population and 78% for the bystander fibroblast population. Importantly, the yield of bystander-induced micronuclei was independent of whether the cytoplasm or nucleus of a cell was targeted. The bystander responses were fully eliminated when the populations were treated with 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide or filipin, which scavenge nitric oxide (NO) and disrupt membrane rafts, respectively. By using the probe 4-amino-5-methylamino-2,7-difluorofluorescein, it was found that the NO level in the glioma population was increased by 15% after 1 or 10 cytoplasmic traversals, and this NO production was inhibited by filipin. This finding shows that direct DNA damage is not required for switching on of important cell-signaling mechanisms after lowdose irradiation and that, under these conditions, the whole cell should be considered a sensor of radiation exposure. R ecently, increasing experimental evidence has shown that the traversal of a cell nucleus by tracks of ionizing radiation is not a prerequisite for triggering a cellular response (1) . Increases of chromosomal damage (2, 3) , genomic instability (4-6), mutations (3, 7, 8) , and malignant transformation (9, 10) have been observed in nonexposed cells that are in the vicinity of traversed cells or are recipients of conditioned medium from irradiated cultures. Although the mechanisms by which these bystander effects are induced are not well understood, several reports indicate that they can be mediated by gap junctional intercellular communication (11) and͞or by soluble factors such as reactive oxygen species (12), cytokines (13) , and nitric oxide (NO) (14, 15) released from irradiated cells. In addition, it has been recently shown that after exposure to conventional ␣-particles, mutations are induced in bystander cells by way of a cell-membrane-dependent signaling pathway (16) .
These observations have profound consequences for current models of radiation risk, in that they suggest that physical dose and its targets within irradiated tissues may not be the sole driver of carcinogenic pathways and that cell-cell signaling processes between exposed and nonexposed cells may be important. This finding may be of particular importance for exposures at low doses, equivalent to environmental exposures where cells at risk only see single tracks of radiation at any one time (17) . Bystander responses may also be relevant to the therapeutic environment because a mechanistic understanding of them may lead to approaches to enhance bystander responses in tumors and also possibly to protect surrounding normal tissue. Bystander effects are already a key requirement in gene-therapy approaches in which low transfection levels of therapeutic agents lead to the requirement for bystander-mediated toxicity (18, 19) .
So far, most of the reported bystander responses are generated from nuclear irradiation. When conventional ␣-particle irradiations are used as a tool to study the bystander effect, only the nucleus, but not the targeted cytoplasm, has been considered in calculations of the fraction of targeted cells (11, 20) . However, it has been found that cytoplasmic extracts from irradiated cells can induce DNA fragmentation in normal nuclei (21) , and direct irradiation of the cell cytoplasm does cause cell killing and genetic mutations (22) . Thus, the cytoplasm is also an important target for the genotoxic effects of ionizing radiation. It is largely unknown whether irradiation of the cytoplasm only can subsequently elicit any bystander response in nonirradiated cells. In this work, we used a sophisticated charged-particle microbeam to deliver exact numbers of helium ions through the cytoplasm of restricted numbers of cells within a population. Using a radioresistant glioma line, known to produce a significant bystander response, we found that, even when a single cell was irradiated through its cytoplasm only, a bystander response measured as the formation of micronuclei (MN) was induced in neighboring nonirradiated cells with the same or different genotypes to the targeted cells. Moreover, we found that NO, produced probably by the sphingomyelin pathway, was involved in the bystander response. These findings suggested that direct targeting of nuclear DNA is not always required for expression of a radiationinduced bystander effect.
Materials and Methods
Cell Culture and Treatments. Human primary fibroblast AG01522 (AG0) with WT p53 (wtp53) (11) and human glioblastoma T98G cells with mutated p53 (mp53) (23) were used for this study. AG0 cells were grown in ␣-MEM containing ribonucleosides supplemented with 18% FCS and 1% nonessential amino acids. T98G cells were maintained in RPMI medium 1640 supplemented with 10% FCS and 0.01% sodium pyruvate. Both culture media contained 2 mM L-glutamine, 100 units͞ml penicillin, and 100 g͞ml streptomycin. All cultures were maintained at 37°C in an atmosphere of 95% air and 5% CO 2 . One day before microbeam irradiation, Ϸ1,000 plateau phase T98G cells were seeded in the central area (5 mm in diameter) of a specially designed microbeam dish consisting of a 3-m-thick Mylar film base and cultured in RPMI medium 1640. In other experiments, T98G cells and AG0 cells were seeded in two separate regions Ϸ5 mm apart within the same microbeam dish and subsequently cocultured in ␣-MEM. T98G cells also had optimal growth in the ␣-MEM medium. The regions prepared for cell seeding had been pretreated with 1.7 g͞cm
The cell cytoplasm was stained with 0.1 g͞ml Nile red 10 min before irradiation, and the cell nucleus was stained with 0.2 g͞ml Hoechst 33342 1 h before irradiation, enabling individual cytoplasm or nucleus to be identified by the microbeam system (24) . During irradiation, the cells were maintained in the serumfree medium containing 10 mM Hepes to avoid any possibility of the production of short-lived SCE-inducing factor that might result from serum-containing medium exposed to ␣-particles (25) . Immediately after irradiation, the medium was replaced with 2 ml of complete medium to allow cell culture for 24 h until further treatment for MN measurement. In some cases, cells were treated with 20 M 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl-imidazoline-1-oxyl-3-oxide (c-PTIO; Molecular Probes), a NO scavenger, during and after irradiation or with 0.5 g͞ml filipin (Sigma) 1 h before irradiation. Filipin abrogates signaling through glycosphingolipid-enriched membrane microdomains (GEMs) or rafts in variant cells (16, 26) .
Microbeam Irradiation. The Gray Cancer Institute microbeam system was used for this study. It allows individual charged particles to be delivered to cells with high reproducibility (single ion delivered with Ͼ99% efficiency) and high accuracy (Ͼ99% within 2 m) (24, 27) . The position of each Nile red-stained cell cytoplasm or Hoechst-stained nucleus was found by using a computerized imaging system, and its coordinates were stored to be revisited and irradiated automatically. For the cytoplasmic irradiation, 1 or 10 randomly selected or 100% of T98G cells within the population were traversed individually at a single location through their cytoplasm with a precise number of 3. NO Measurement. The cellular NO level was assayed in situ by using 4-amino-5-methylamino-2Ј,7Ј-dif luorof luorescein diacetate (Molecular Probes), which is cell-permeant and essentially nonfluorescent until it reacts with NO derivates such as N 2 O 3 , produced by oxidization of NO, to yield highly fluorescent benzotriazole. In brief, 24 h after cytoplasmic traversal, cells were treated with 3.5 M 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein diacetate for 45 min at 37 o C. After the excess probe was removed, the cells were incubated for an additional 20 min to allow complete deesterification of the intracellular diacetates. The fluorescence images of 100-200 randomly selected cells per dish were captured by using a 3CCD color camera (Photonic Science, East Sussex, U.K.) on a fluorescent microscope (Zeiss Axioskop) with manual UV-light shutter and filters. The exposure conditions were normalized to allow quantitative comparisons of the relative fluorescence intensity of the cells between groups.
Statistical Analysis. Statistical analysis was done on the means of the data obtained from at least three independent experiments. Two replicates were counted for each experimental point in each experiment to determine the MN yield. All results are presented as means Ϯ SEM. Significance was assessed by using Student's t test at P Ͻ 0.01.
Results

Direct Evidence of Bystander Responses Induced by Cytoplasmic
Irradiation. When only a single human glioblastoma T98G cell within the population was traversed by a single 3 He 2ϩ ion, through its cytoplasm, chromosomal damage, measured as additional MN, was detected in the population 24 h after irradiation. The yield of MN increased by 36% (P Ͻ 0.01) from 0.135 in the nonirradiated controls to 0.183 (Fig. 1A) , indicating that MN were produced in the neighboring nontraversed T98G cells. Moreover, it was found that the MN yield in the T98G population when 10 cells were targeted through their cytoplasm was not significantly different from that observed when a single cell was targeted, suggesting that the bystander response is independent of the number of cells targeted. This deduction was further confirmed by the finding that targeting all the cells within the T98G population through their cytoplasm only did not increase MN yields above bystander levels (see Fig. 3A ).
To investigate whether the targeted T98G cells are harmful to neighboring normal cells, human primary fibroblast AG0 cells, previously also shown to exhibit bystander responses (29, 30) , were cocultured with the irradiated T98G population. It was found that when only a single T98G cell was irradiated through its cytoplasm with one 3 He 2ϩ ion, 24 h after irradiation, the yield of MN in the nonirradiated AG0 population was increased by 78% (P Ͻ 0.01), compared with the control cocultured with a nonirradiated T98G population (Fig. 1B) . Again, increasing the number of targeted T98G cells did not enhance the MN production in the bystander AG0 population. The results in Fig. 1 give
ions, NO is subsequently involved in the bystander-induced cellular damage. To investigate whether NO contributes to these cytoplasmic traversal-induced bystander responses, we treated the cell populations with c-PTIO, a NO scavenger, during and after microbeam irradiation. It was found that this treatment completely eliminated the bystander MN induction in both populations of irradiated T98G and neighboring nonirradiated AG0 cells (see Fig. 1 ). Therefore, NO is also involved in the cytoplasmic irradiation-induced bystander response.
Bystander Response Mediated by Cell Membrane Signaling. The cytoplasmic irradiation-induced cellular damage suggests that some subcellular organelles outside of the cell nuclei may play a role as a radiation target. As a carrier of enzymes and receptors and the pathway for intracellular signaling molecule release, the cell membrane could be an important candidate involved in the radiation response. Thus, we treated cells with filipin to disrupt membrane GEMs. Fig. 2A illustrates that this treatment inhibited the induction of MN in the T98G population when 1 or 10 cells had been individually traversed through their cytoplasm with five 3   He   2ϩ ions. Moreover, the bystander MN induction in the nonirradiated AG0 population, which had been cocultured with the cytoplasmic-traversed T98G population, was also inhibited by this filipin treatment (Fig. 2B) . Therefore, the cytoplasmic traversal-induced bystander responses were probably mediated through membrane GEMs.
Influence of Particle Number on the Bystander MN Induction. The data above showed that when the cytoplasm of a few T98G cells was traversed by one or five 3 He 2ϩ ions, the yield of MN in the irradiated T98G population (Figs. 1 A and 2 A) and that of the bystander nonirradiated AG0 population (Figs. 1B and 2B) were not significantly influenced by the number of particles. Thus, the physical dose is not a key factor in the cytoplasmic traversalinduced bystander response, and the energy deposited in the cytoplasm from one 3 He 2ϩ ion may be enough to fully trigger the response. These data are consistent with the finding that bystander responses are independent of the radiation dose and the linear energy transfer when a few cells within a confluent human primary fibroblast culture are targeted (30) . They are also in agreement with the report that the medium harvested from cells irradiated with either 0.5 Gy or 5 Gy of ␥-rays induces the same bystander responses (31) .
Comparing the Bystander Responses Induced by Cytoplasmic or
Nuclear Traversal. Fig. 3A illustrates that, when the fraction of cells with cytoplasmic traversals increases from Ϸ1% (10 cells) to 100%, the yield of MN in the T98G population does not increase. This result was in contrast to the situation where energy is deposited in the nucleus (and the overlying and underlying cytoplasm). For an increasing proportion of cells targeted through the nucleus, a greater response of MN induction was observed because of increasing direct effect (32) .
The accepted paradigm for radiation effects at the cellular level is that direct nuclear irradiation is more serious than direct cytoplasmic traversal (33) . To investigate whether the bystander response induced by nuclear irradiation is greater than that induced by cytoplasmic irradiation, we also measured the bystander MN formation induced by microbeam-targeted nuclear traversal. Fig. 3B illustrates representative bystander MN yields in both the nonirradiated T98G population and the cocultured AG0 population where 10 cells have been individually targeted through the cytoplasm or nucleus with one 3 He 2ϩ , respectively. It was found that the yields of MN were not significantly different between nuclear-traversed and cytoplasmic-traversed T98G populations with both of them significantly higher than the nonirradiated control (P Ͻ 0.01). In addition, the T98G populations traversed through either nucleus or cytoplasm induced similar MN production in the bystander nonirradiated AG0 population. Evidence for NO Production. To confirm the result of c-PTIO treatment (see Fig. 1 ) and obtain more direct evidence of NO being involved in the cytoplasmic irradiation-induced bystander responses, NO derivates were assayed in situ by using 4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein 24 h after irradiation. A representative experiment showed that, when only one T98G cell was traversed through its cytoplasm with one 3 He 2ϩ , the percentage of NO-positive cells was increased from 25% in the nonirradiated control to 55% (Fig. 4A) and that the relative fluorescence intensity was increased by 15% in the whole population (Fig. 4B ). Moreover, the NO level did not vary when the number of cytoplasmic-targeted cells increased from 1 to 10, which supports the finding that increasing the numbers of cytoplasmically traversed cells does not enhance the bystander MN induction, as shown above.
An interesting finding was that, when the T98G cells was pretreated with filipin before irradiation, the NO production in the population exposed to cytoplasmic irradiation was fully inhibited (Fig. 4) , which demonstrates that NO production induced by cytoplasmic traversal is possibly mediated by cell membrane GEMs. In addition, as expected, the treatment of cells with c-PTIO also effectively diminished the NO level in the cytoplasm-irradiated population.
Further measurement showed that no significant change occurred in the NO level in the nonirradiated AG0 population before and after coculturing with the cytoplasmic-traversed T98G population (data not shown). These data also suggest that NO is not released from the bystander AG0 cells when they are perturbed by the cytoplasmic-irradiated T98G cells. This finding is consistent with the reports that inducible NO synthase cannot be expressed in cells with WT p53 after irradiation (34) .
Discussion
Earlier studies with polonium-tipped microneedles to deliver ␣-particles of restricted range to either the nucleus or cytoplasm of Chinese hamster ovary cells strongly suggested that the nucleus was the critical site for cellular survival and mitotic delay, and the irradiation of cytoplasm was largely innocuous (35, 36) . By using a charged-particle microbeam, however, to localize radiation exposure, recent evidence demonstrates that irradiation of cellular cytoplasm with exact number of ␣-particles results in genetic mutation although this cytoplasmic irradiation is largely nonlethal (22) . The present study shows that, even when only a single cell is traversed through its cytoplasm by a precise number of helium-3 ions (as surrogates for ␣-particles), chromosomal damage measured as MN formation can be induced in other vicinal nonirradiated cells possessing the same or different genotypes to the targeted cell. This result provides direct evidence that extranuclear irradiation can induce extracellular bystander responses. These studies were performed in a radioresistant glioma cell line known to induce a NO-mediated bystander response after nuclear irradiation (32) . A bystander response was also observed in cocultured primary human fibroblasts, which are significantly more radiosensitive than the glioma cells and also have been reported to show significant bystander responses to targeted particle irradiation (29, 30 ). The background level of spontaneous chromosomal damage is significantly different between these two cell lines (see Figs. 1 and 2 ). Despite this difference, the AG0 cells showed the larger percentage increase in responses under bystander conditions, suggesting that the underlying radiosensitivity of a cell population may be important in determining its sensitivity to bystander signals. It has been suggested that reactive oxygen species play an important role in cytoplasmic irradiation-induced cellular effects (22) . Our observation that bystander MN induction is eliminated when the cell populations are treated with c-PTIO, a NO scavenger, indicates that NO is involved in the cytoplasmic traversal-induced bystander response (see Fig. 1 ). The in situ measurement of NO shows that the NO level can be increased by 15% in the T98G population where only one cell had been targeted through its cytoplasm (Fig. 4) . In general, NO molecules are believed to be induced by the activation of inducible NO synthase through the conversion of L-arginine to L-citrulline in the presence of NADPH and oxygen (37) .
It is therefore of interest to know the pathway for NO production induced by the cytoplasmic irradiation. Our investigation shows that, when the membrane GEMs containing sphingomyelin (38) are disrupted by filipin, the production of intercellular NO (Fig. 4) and the subsequent bystander responses (Fig. 2) are fully inhibited. It has been found that the sphingomyelinases can be activated by irradiation (39, 40) even in isolated membranes devoid of nuclei (41) . The activated sphingomyelinases will stimulate the expression of inducible NO synthase so that NO is produced (42, 43) . Thus, most likely, the cytoplasmic traversal-induced NO production is mediated upstream by the membrane sphingomyelinase by the sphingomyelin signal-transduction pathway.
NO itself does not induce DNA strand breaks (44) . Thus, the bystander MN induction should result from NO-downstream products and͞or NO derivatives. It has been reported that some cytokines such as tumor growth factor type ␤ can be produced by NO stress in a time-and dose-dependent fashion (45, 46) and that cells treated with tumor growth factor type ␤1 indeed undergo a time-dependent increase in DNA cleavage (47) where reactive oxygen species may be involved (13) . Therefore, cytokines including tumor growth factor type ␤1 are likely to be candidates for NO-downstream-signaling factors involved in the cytoplasmic traversal-induced bystander responses.
Compared with nuclear traversal, cytoplasmic traversal of every cell within a population has less effect on the irradiated cells (22) . However, the present study indicates that cytoplasmic traversal can induce a bystander response similar to that induced by nuclear traversal. Also, targeting every cell through the cytoplasm induces the same level of effect as that observed when only one cell is targeted and a bystander response is produced. This result is in contrast to the situation where every cell is targeted through the nucleus and a large effect is observed because of direct damage in cellular DNA (see Fig.  3A ). Taken together with the observation that cytoplasmic traversal, either in 1 or 10 cells with one or five particles, elicits similar bystander MN induction, it can be suggested that a signal-amplification process might play an important role in the bystander response. When a few cells in the population are individually targeted through their cytoplasm, signaling factors, perhaps including cytokines, produced downstream of NO are released from targeted cells. These factors may attack several vicinal nonirradiated cells simultaneously, such that the newly damaged cells will release further reactive species and cause other cells to be damaged so that a measurable bystander response is produced.
In summary, our results show that, after cytoplasmic traversal of a T98G cell, NO is produced through a cell membrane (GEMs)-related pathway and this contributes to the cytoplasmic traversal-induced bystander responses in both glioma cells and cocultured primary fibroblasts. It has been known that radiationinduced NO regulates tumor microenvironments leading to angiogenesis and vasorelaxation (48, 49) . Therefore, understanding the mechanisms will make it possible to develop techniques for decreasing radiation damage and potential carcinogenesis in normal tissues by reducing bystander signaling or maximizing cell sterilization during radiotherapy by amplifying bystander responses in tumors. For radiation risk, it is clear that the biological penumbra of localized irradiation of one or a few cells within the population is much greater than the physical dose penumbra and if this translates into in vivo responses, this will need to be included in models of radiation risk.
